Abstract An electrohydrodynamic (EHD) method, which is based on glow discharge plasma, is presented for flow control in an S-shaped duct. The research subject is an expanding channel with a constant width and a rectangular cross section. An equivalent divergence angle and basic function are introduced to build the three-dimensional model. Subsequently, the plasma physical models are simplified as the effects of electrical body force and work (done by the force) on the fluid near the wall. With the aid of FLUENT software, the source terms of momentum and energy are added to the Navier-Stokes equation. Finally, the original performance of three models (A, B and C) is studied, in which model A demonstrates better performance. Then EHD control based on model A is discussed. The results show that the EHD method is an effective way of reducing flow loss and improving uniformity at the duct exit. The innovation in this study is the assessment of the EHD control effect on the flow in an S-shaped duct. Both the parametric modeling of the S-shaped duct and the simplified models of plasma provide valuable information for future research on aircraft inlet ducts.
Introduction
The design of the S-shaped inlet duct is significant for both military aircraft and propulsion systems. Modern military aircrafts have a compact structure, light airframe, and low drag, which demand the inlet duct to be as short as possible and highly integrated with the airframe. Moreover, the curved inlet duct is a line-ofsight blockage of the engine compressor face (duct exit), which reduces infrared and radar signatures. However, the expanding and curving nature of the duct leads to undesirable consequences to the flow distribution at the engine compressor face. So the purpose of the research is to efficiently offer a uniform flow at the engine compressor face. Two issues are usually of concern: enhancing total pressure recovery and weakening the strength of secondary flow.
Structurally, the S-shaped inlet duct is an expanding curved duct with an S-shaped center-line variation. On one hand, increasing the cross-sectional area generates an adverse pressure gradient when the internal flow of the duct is subsonic. On the other hand, different radii of curvature due to the S-shaped center-line variation make the centrifugal force distribution non-uniform in each cross section. The interaction between the two aspects enhances the intensity of secondary flow and the possibility of a boundary layer separation within the duct. As a result, the flow characteristic of vortex pairs is typical in the duct. These counter-rotating vortices are responsible for the total pressure loss and flow field distortion at the duct exit. In addition, as a crucial sub-component of an aircraft, the performance loss of the inlet duct is composed of two parts: flow-field distortion at the inlet duct entrance resultant from free stream over the airframe (referred to as external loss) and flow loss due to secondary flow, boundary layer separation, and so on (internal loss). In this paper, only the internal flow loss is discussed.
Several studies [1∼6] have been carried out to design and optimize the structure of the S-shaped duct, which is fundamental to improve the inlet duct performance. A common strategy of optimal design is to continue the cycle among modeling with parameterization, simulating with computational fluid dynamics (CFD), and aerodynamic sensitivity analysis till the expected duct performance is attained. Besides the modified duct structure, active/passive flow control devices collocated with the S-shaped inlet duct are in dispensable. Various methods have been investigated [7∼12] for activating the low-momentum fluid near the wall to delay/resist flow separation. Active flow control methods, such as blowing jets and vortex generator jets, depend on additional high-energy fluid to energize the low-momentum fluid, which usually makes the structures complex and heavy. In contrast, passive flow control methods, such as flow deflectors and vortex generators, mainly at-tempt to change the original internal flow, enhance fluid transport, and balance the energy between the highmomentum zone and low-momentum zone. The structures are usually concise, but the performance under off-design conditions is not perfect. So it is necessary to explore some new schemes which could take into consideration the advantages of the two kinds of methods.
EHD flow control based on glow discharge surface plasma has been demonstrated to be effective in several applications [13∼20] , especially in flow separation and boundary layer control. A control mechanism responsible for paraelectric flow acceleration has also been developed. Fig. 1 shows a notable image of flow reattachment over an airfoil at a large angle of attack, and a schematic of glow discharge plasma actuator, which consists of an exposed electrode, an embedded electrode, and a dielectric surface. A high-voltage RF (radio frequency) input is supplied to the two electrodes. Take an RF input cycle as an example. When the potential difference between the two electrodes is large enough, the air over the dielectric surface is ionized and transformed into plasma. When the exposed electrode is a cathode (named a negative half cycle), electrons leak from the cathode, and gather over the dielectric surface, which generates an induced electric field to confine the motion of positive ions. In contrast, when the exposed electrode is an anode (named a positive half cycle), electrons return to that anode. Then the remaining positive ions are accelerated under the action of the electric field gradient, and transfer additional momentum to the external neutral fluid through collisions. As the RF input cycles back and forth, glow discharge plasma is generated steadily, and EHD flow control realizes flow acceleration, whose efficiency depends on the electrical parameters of RF power supply. All the control process has neither additional mass flow import/export nor moving parts. This makes the control device more concise in structure, higher in reliability, and faster in response compared with the traditional methods. Energy economization is another merit of the control device. For the control of the flow around the airfoil, the typical power level of the actuator is approximately 20 W∼40 W per linear foot of actuator span for steady operation and 2 W∼4 W per linear foot of actuator span for unsteady operation [21] .
According to the above discussion, it is important to study the practical effectiveness of EHD flow control in the S-shaped duct. First, a three-dimensional model is built by making use of explicit mathematical functions, including the equivalent divergence angle and basic function; the latter determines the tendency of the duct centerline and cross-section area. Second, considering the properties of non-equilibrium glow discharge plasma, the complicated process of EHD control is turned into the effect of electrical force on the fluid near the wall, which is represented quantitatively as the source terms of the Navier-Stokes equation. Finally, the efficiency of several models without flow control is analyzed. And based on the efficient model, the effects of EHD control are discussed. The main contribution of this study is the novel EHD method that is presented and analyzed in the flow control of the S-shaped duct.
The rest of the paper is organized as follows. Section 2 introduces the parametric modeling of the Sshaped duct. Section 3 presents the simplified models of glow discharge plasma. Section 4 analyzes and evaluates the original performance of three models (A, B, and C) and the improved performance of efficient model A with EHD control. The last section is the conclusion. [18] 2 S-shaped duct geometry representation
Fig.1 EHD flow control based on glow discharge plasma
The duct configuration would be aerodynamically investigated in subsonic conditions. Fig. 2 shows the model of the S-shaped duct, which is composed of two constant sections and one transition section. Several features could be found: (1) (in the y direction) keeps constant (=200 mm).The design of the transition geometry would be achieved in two steps.
Area of duct entrance
Actually, duct exit sizes are determined by compressor sizes, while duct entrance sizes are to be determined. So the method of equivalent divergence angle is introduced to design the sizes of the duct entrance. Concretely, the S-shaped duct is regarded as an axisymmetric cone frustum, of which two areas of cycle are equal to A 1 (area of duct entrance) and A 2 (area of duct exit), respectively, and height is equal to L s (span between the two centers). Then the angle between generatrix and centerline is defined as the equivalent divergence angle θ, as shown in formula (1). To avoid enlarging separated flows, we keep θ ≤ 5 o .
Transition section design
The centerline and cross-section area distribution of the transition section could almost represent the configuration of the duct. To describe them quantitatively, z c,i (z coordinates of centerline) ranges from 0 to D s (offset between the two centers), when L i (x coordinates of centerline) ranges from 0 to L s . And A i is the cross-sectional area of the transition section, which goes through (L i , z c,i ). In this paper, three kinds of solutions are referred to, as shown in formulas (2a), (2b) and (2c). Both z c,i and A i in formula (2a) change with the basic function f a , and similar results come from the other solutions. Fig. 3 shows the distribution of the three basic functions and the corresponding radius of curvature (labeled as R). Moreover, the basic functions have the property that both ends (x = 0 and x = L s ) are tangential to the x direction. Finally, based on the central location of the cross section (L i , z c,i ), the area of the cross section A i and constant width of the model, the transition section of the duct could be decided.
In this paper, θ = 4 o , A 2 =40000 mm 2 , L s =500 mm, and D s =300 mm. So A 1 =28565.88 mm 2 according to formula (1) . Moreover, using the parameters described above, the centerline and cross-section area distribution of the transition section are calculated by formula (2) . Then, the length of the constant section is set to 100 mm. Finally, the numerical simulation model of the S-shaped duct is built easily, as shown in Fig. 2(b) . 3 Simplified plasma physical models EHD flow control relies on glow discharge plasma. The control mechanism is presented as paraelectric flow acceleration, of which the core is that the remaining positive ions are trapped and accelerated by the electric field. Due to the characteristics of glow discharge plasma, there is minimal heating of the external fluid over the dielectric surface. And the influence of the plasma on the physical property of the surrounding atmosphere can be ignored. Then the effect of EHD flow control can be determined by the electrical body force vector which relates only to the net charge density and electric field intensity. A simplified model of the body force vector is introduced [19, 20] to estimate the effect. An additional explanation is needed here: the production of the plasma sheath, which consists of an ion sheath and an electron sheath, follows the generation of plasma. The characteristic thickness of the plasma sheath can be evaluated by formula (3). On one hand, the temperature of ions is close to the temperature of external fluid (300 ∼ 500 K). On the other hand, due to the electroneutrality of plasma, the number density of positive ions is approximately equal to the number density of electrons, which is defined as the net charge density n c . As extracted from Ref. [19] , n c = 1 × 10 17 m −3 . So the thickness is on the order of 10 −6 m, which can be neglected compared with the characteristic length of flow control (10 −3 ∼ 10 −2 m).
where X s is the characteristic thickness of the plasma sheath, ε 0 is permittivity
is temperature of ions (or electrons), n i (or n e ) is number density of ions (or electrons) and n c is net charge density.
As shown in Fig. 4 , the weakly ionized plasma only stays in a small triangular area (∆ OAB), namely, the body force vector is effectively applied to the fluid in this area. The essential of the force is electrostatic force, expressed as:
where f is the body force vector per unit volume, e is elementary charge (e = 1.602 × 10 −19 C) and E is electric field intensity. Fig.4 Physics model of glow discharge plasma [19] Then E needs to be calculated. During the positive half cycle, the electric field points from the exposed electrode (anode) to the embedded electrode (cathode).
Then the electrostatic body force acting on the remaining positive ions realizes flow acceleration. As shown in Fig. 4 , the electric field lines are concentrated on the exposed electrode and are almost uniformly distributed on the embedded electrode. The centralization of the electric field lines means a large electric field gradient which is restrained by the plasma sheath. In view of the thickness of the plasma sheath, the assumption is acceptable that E shows a linear distribution and it decreases as it becomes far away from the source point O, expressed as:
where E 0 is the electric field intensity in the darkened region, V is the voltage of RF power supply, d 0 is the separation between the two electrodes in the i direction, and the constants k 1 and k 2 are to be evaluated by using the condition that the field intensity is the breakdown value at the plasma-fluid boundary (AB), referred to as E cr . That is to say, if the electric field is lower than E cr (E cr = 3×10 6 V/m), the ionized process can be ignored.
What is more, the above discussions are based on electrostatic force acting on the remaining positive ions during the positive half cycle. It is necessary to estimate the average actual effect of f . First, δ is introduced to distinguish the plasma region. δ=1 in the plasma region (∆ OAB), while δ=0 in the other region. Second, η is introduced to account for the efficiency of momentum transfer between positive ions and neutral particles. Third, τ is introduced to evaluate the timeaverage effect of f , which depends on both the discharge time ∆t and the frequency υ, namely, τ = υ∆t.
Finally, effective force vector f eff is defined as the actual effect of f , expressed as:
At the same time, the force vector also contributes to the ambient fluid's energy, which can be calculated by: (9) where W eff is the additional power and V = (u, v, w) T is the velocity of the ambient fluid.
With the aid of FLUENT software, the characteristic of the flow field can be solved, which is coupled with f eff and W eff . The Navier-Stokes equations in a Cartesian coordinate system are given by:
where
In this paper, the cases of different angles of attack at the duct entrance α are discussed and the models are symmetrical about the x-z plane. So the simulation is based on a half model. Fig. 5 shows the model and corresponding boundary conditions. From the start of the transition section, eleven modules of the glow discharge plasma actuator are located on the upper wall of the transition section, and arranged at intervals of 50 mm (in the x direction). Take one module as an example, two electrodes are separated by the dielectric wall of the duct. One is very thin (∼10 −4 m) and exposed in the duct. The other is embedded under the insulating surface. The plasma zone is formed over the embedded one, of which δ=1. 
Results and discussion
The numerical simulations of the duct are based on three kinds of model, which have different transition sections corresponding to formula 2(a), 2(b) and 2(c). The models are named model A, model B, and model C, respectively. The air parameters at the duct entrance are the same as those at sea level, of which the static pressure is 101325 Pa and the static temperature is 288.2 K. Several cases have been calculated to evaluate their performance, when M a ranges from 0.3 to 0.7 and α ranges from −10 degree to 10 degree.
Performance coefficients
Two parameters are introduced to evaluate the performance of the S-shaped duct. (1) The rate of the average total pressure at the duct exit to the average total pressure at the duct entrance is defined as the total pressure recovery coefficient σ (as shown in formula (10)), which generally reflects the internal loss of the duct. (2) The average total pressure at the duct exit is set as the characteristic pressure, and the non dimensional maximum difference of the total pressure at the duct exit is defined as the characteristic parameter of the total pressure distribution DA (as shown in formula (11)), which typifies the uniformity of the total pressure at the duct exit.
4.2 Performance of S-shaped duct geometries However, the performance of model C collapses when M a = 0.7. In most cases, σ of model A has some narrow margins compared with the others, which means the airflow through model A has less total pressure loss. What is more, DA of model B is larger than the others when M a=0.3 and M a=0. 5 . But DA of model C is larger than the others when M a=0.7. In short, DA of model A usually remains at a low level, which means the total pressure distribution at the duct exit of model A is more uniform. In addition, considering the average magnitude of σ and DA, the results also show that σ will decrease and DA will increase if M a increases. Fig. 7 shows the velocity distributions of two cases at the symmetrical plane, which would explain the poor performance of model C when M a=0.7. The conditions at the duct entrance are M a=0.7 and α=0 degree. The key focuses on the flow characteristics near the upper wall of the transition section. Compared with the lowvelocity zone in the result of model A (Fig. 7(a) ), the recirculation zone in the result of model C (Fig. 7(b) ) takes up the effective cross-section area, which leads to the failure of the deceleration of the main flow. The recirculation zone results from an adverse pressure gradient. On one hand, the increasing cross-section area of the duct generates an adverse pressure gradient whose magnitude depends on the change in the area, known as "stream wise gradient". On the other hand, rotational motion also creates another centrifugal adverse pressure gradient whose magnitude is proportional to the square of velocity and the inverse of rotational radius, known as "centrifugal gradient". The direction of the gradient at the entrance is contrary to the one at the exit because the rotational direction is counterclockwise at the entrance but clockwise at the exit. It is important to note that the main flow would resist the cooperation of the two gradients when it drains into the clockwise rotation zone. As described in formula (2) and Fig. 3 , the basic function represents the change in the cross-section area and the rotating motion of the main flow. Compared with f a , it is found that: (1) f c makes the cross-section area of model C at the entrance increase rapidly, which enhances the stream wise gradient at the entrance. (2) The shift of the rotational direction occurs in a forward position which makes the main flow encounter the two gradients earlier. (3) After the shift, the decrease in the radius of the curvature means the rotational radius is reduced. Namely, the centrifugal gradient is also strengthened. In view of the three aspects, though the two cases in Fig. 7 have the same initial velocity at the entrance, the significant recirculation zone only occurs in the result of model C. Furthermore, such performance change is more significant at a higher initial velocity due to the centrifugal gradient.
EHD flow control based on model A
For the glow discharge plasma actuator, the parameters of the RF power supply are set as: υ = 3 kHz and V = 4 kV. The results without (or with) EHD flow control are denoted as the "original"(or "improved") results. Fig. 8 and Table 1 show the change in σ and DA. With EHD flow control, higher σ means that the flow loss in the duct is reduced, while lower DA means the uniformity at the duct exit is improved. Take the case of M a =0.7 and α=0 degree as an example, the distributions of the velocity and total pressure in the duct are compared in Fig. 9 . With EHD control, the low-velocity zone near the upper wall is reduced, and correspondingly, the total pressure recovery is increased. The comparisons of total pressure and tangential velocity at the duct exit are shown in Fig. 10 . The improvement of uniformity at the duct exit is obvious. With EHD control, the total pressure distribution at the duct exit is more uniform. And the magnitude of the tangential velocity, which is at a tangent to the exit plane, is lower. That is to say, the strength of secondary flow is reduced by EHD control. Additionally, the effects of the parameters of RF power supply on flow control are discussed, also based on the case of M a=0.7 and α=0 degree. Fig. 11 shows Fig.10 Comparison of total pressure and tangential velocity at the duct exit (color online) Fig.11 Effects of RF power supply parameters on flow control (color online) the two kinds of scheme: (a) adjust V while keeping υ=3 kHz, and (b) adjust υ while keeping V =4 kV. Compared with the two schemes, the linear relation between and the change in σ and DA seems better, which is beneficial to practical application under the same conditions of devices.
Conclusion
The development of glow discharge plasma technology impacts the EHD method's practical value to control flow in the S-shaped duct. The design of a threedimensional model is realized by parameterization, including the equivalent divergence angle and basic function. And the physical models of glow discharge plasma are simplified and coupled with the Navier-Stokes equation. The effects of both structural designs and EHD control on the flow in the duct are discussed by using the results of numeral simulation. Future work will address: (1) the effect of external loss on the flow in the S-shaped duct, and (2) the S-shaped duct with a complex cross section, as well as a corresponding flow control device.
